Introduction
Plant growth and development constitute a continuous process. The plant embryo does not contain most of the organs found in adult plants; instead, they have a simple structure composed of an embryonic root or radicle, one or two embryonic leaves or cotyledons, and a connecting stem or hypocotyl (Esau, 1977) . Importantly, the two primary stem cell populations (meristems) are formed during embryogenesis, which will give rise to all adult organs. Thus, growth and development are largely postembryonic with new organs being forming throughout the plant's entire life. In addition, plants do not have a fixed body plan so individuals of the same species can have a variable number of organs. In contrast, development in most animals is more finite; the number of organs is strictly defined and organ formation is generally limited to embryogenesis. Plants are also exposed to a vast range of environmental conditions during development. As immobile organisms, plants must integrate endogenous and exogenous cues and respond in an accurate and timely manner to form and pattern organs.
Organ patterning relies on specification of different cell types and tissues with each cell type having specialized features. Plant cells are constrained by interconnected cell walls that prevent cellular movement. Therefore, a plant cell must integrate information about its relative position from neighboring cells and the lineage from which it is derived to make cell fate decisions. Thus, cues required for cell fate specification can be positional, inherited, or rely on both the ancestry and the position of the cell. For instance, positional cues in plants include hormones, short peptides, mobile transcriptional regulators, and, as recently reported, microRNAs. In addition, some transcription factors (TFs) are differentially inherited and/or expressed after cell division, which can also establish distinct transcriptional domains that determine new cell fates. Here, we discuss several recent examples of transcriptional regulators that act as switches for cell fate specification during development.
Cell Fate Specification in the Cortex-Endodermal Cell Lineage
The outer tissues of the Arabidopsis thaliana root are organized in concentric cell layers around the stele. From the stele outward there are two ground tissue layers, with the endodermis immediately adjacent to the stele followed by the cortex and the exterior epidermal layer (Fig. 9.1A ). The two ground tissue cell types are generated through asymmetric division of a single stem cell lineage, the cortex/endodermal initial (CEI). The CEI undergoes a transverse asymmetric division to renew itself and generate a CEI daughter (CEID). The CEID then undergoes another asymmetric cell division, this time in a longitudinal orientation, to produce one cell each in the endodermal and cortical cell layers ( Fig. 9 .1B; Benfey et al., 1993; Di Laurenzio et al., 1996; Dolan et al., 1993; Scheres et al., 1994) . The asymmetric division of the CEID and the switch to endodermal or cortical fate in the daughter cells are regulated by a transcriptional mechanism that links patterning, development, and the cell cycle.
The asymmetric division of the CEID is regulated by the activity of two TFs, SHORT ROOT (SHR) and SCARECROW (SCR). These proteins are both members of the GRAS family of transcriptional regulators (Benfey et al., 1993; Di Laurenzio et al., 1996; Helariutta et al., 2000; Pysh et al., 1999) . shr and scr mutant plants each have only a single layer of ground tissue because the CEID fails to undergo the longitudinal asymmetric cell division. In shr mutants, the single ground tissue layer has some cortical cell features but no endodermal features. Whereas in scr, the mutant layer has both endodermal and cortical cell features ( Fig. 9 .1B; Benfey et al., 1993; Di Laurenzio et al., 1996; Helariutta et al., 2000) . Because these two genes are both required for CEID division but only SHR appears to be necessary for specification of endodermal fate, SHR was predicted to be upstream of SCR in the ground tissue developmental pathway. This hypothesis was right) The CEI (dark green) divides transversely (white arrowheads) to regenerate itself and produce the CEID (light green). The CEID then divides longitudinally (black arrowhead) to generate the cells of the endodermis (blue) and cortex (yellow). (B, center panel) Ground tissue formation in short root. In the absence of the longitudinal confirmed by epistasis of shr to scr and the decrease in SCR expression in shr plants . These data indicate that SHR and SCR act together to regulate the asymmetric CEID division and specification of endodermal and cortical fates in the daughter cells.
SHR reveals a twist on transcriptional regulation of cell fate specification
Differences in SHR mRNA and SHR protein localization suggested that a nonautonomous transcriptional mechanism functioned to specify the endodermis. SHR transcripts are restricted to the stele, whereas SHR protein is found both in the stele and the immediately adjacent cell layer, which includes the CEI, CEID, and endodermis ( Fig. 9.1C ). The subcellular localization of SHR changes between different root tissues: in the stele SHR is nuclear and cytoplasmic, whereas in the adjacent layer SHR is nuclear. Ectopic expression of SHR in other root cell types results in formation of endodermal features Nakajima et al., 2001) . These results revealed that TFs were not strictly cell autonomous but could function as intercellular signaling molecules with the ability to directly activate a new transcriptional program in neighboring cells. The capacity for SHR to function as a positional cue as well as a transcriptional switch in root patterning is evident when SHR is ectopically expressed Nakajima et al., 2001; Sena et al., 2004) . Ectopic expression of SHR in the adjacent cell layer increased the number of cell layers between the epidermis and stele; these layers exhibited cellular markers of endodermal identity, including expression of SCR (Nakajima et al., 2001) . Additionally, ectopic SHR expression in cell types outside the stele, such as the epidermis, can induce these cells to exhibit endodermal features (Sena et al., 2004) . This suggests that SHR movement from the stele is not a prerequisite for its activity in specifying endodermal cell fate. However, SHR movement across only one cell layer is highly regulated appearing to require both cytoplasmic and nuclear localization prior to trafficking out of the stele, suggesting that regulation of SHR movement asymmetric cell division, a single layer of ground tissue with cortical cell features (yellow with white stripes) forms. (B, lower panel) Ground tissue formation in scarecrow. The longitudinal asymmetric cell division also does not occur; however, the single layer of ground tissue exhibits both endodermal and cortical cell features (yellow with blue stripes). (C) Schematic of a portion of the Arabidopsis root tip, focusing on the localization of SHR mRNA, SHR protein and SCR mRNA and protein. Yellow arrows depict SHR protein movement from the stele into the adjacent cell layer. Note that SHR and SCR proteins are colocalized in the nuclei (small circles within the cells) of the adjacent cell layer. This figure was adapted from Petricka et al. (2009) .
is important for its function (Gallagher and Benfey, 2009; Gallagher et al., 2004) . SCR was implicated in limiting SHR movement because ectopic SHR movement and decreased nuclear localization were observed in the scr mutant background (Cui et al., 2007; Heidstra et al., 2004) . Additionally, SHR expressed in the epidermis was more cytoplasmic and showed movement into the adjacent (inner) mutant cell layer in scr mutants (Sena et al., 2004) . These observations reveal the interdependent nature of SHR and SCR in root radial patterning, including an additional role for SCR in endodermal specification via modulation of SHR intercellular movement and subcellular localization.
The observation that cell-specific factors could limit SHR movement provided a straightforward mechanism for forming a single endodermal tissue layer. In vivo molecular evidence supporting this hypothesis, with SCR as a key component in this process, has been obtained. SHR and SCR proteins physically interact and have many common transcriptional targets suggesting that they form a transcriptional regulatory complex (Cui et al., 2007; Levesque et al., 2006; Sozzani et al., 2010) . Additionally, binding of SHR and SCR to the SCR promoter was detected by chromatin immunoprecipitation experiments. SCR expression is reduced in both shr and scr mutants suggesting that SCR expression is controlled by a SHR-SCRdependent positive feedback loop (Cui et al., 2007; Levesque et al., 2006) . This predicts that relatively high levels of SCR would be necessary to interact with SHR to sequester it into the nucleus. This prediction was examined using RNA interference lines with variable SCR expression levels. Plants with reduced SCR mRNA levels revealed SHR movement into adjacent cell layers, which led to ectopic endodermal cell fate specification (Cui et al., 2007) . These data indicate that SCR functions to limit SHR movement via nuclear sequestration to one cell layer outside the stele, therefore preventing excess endodermis formation.
Together, these observations have resulted in the following model for SHR-SCR function in asymmetric cell division and cell fate specification in the ground tissue. First, both nuclear and cytoplasmic localization of SHR in the stele promotes SHR movement to the adjacent cell layer (Gallagher and Benfey, 2009 ). In the adjacent cell layer, SHR interacts with SCR and is nuclear-localized. The SHR-SCR complex activates SCR transcription forming a positive feedback loop that sequesters all the SHR protein in the nuclei, thereby restricting endodermal cell fate specification to a single layer (Cui et al., 2007) . SHR and SCR then activate transcription of downstream targets, which leads to the asymmetric division in the ground tissue initials and specification of the endodermal cell layer (Cui et al., 2007; Levesque et al., 2006) . In addition, other players, such as the zinc finger proteins JACKDAW, MAGPIE, and NUTCRACKER, have been tied to the SHR/SCR model for regulation of asymmetric division of the CEID cells (Levesque et al., 2006; Welch et al., 2007) .
Recently, this spatial model for asymmetric cell division and endodermal specification has been expanded to include temporal components. Tissuespecific inducible versions of SHR and SCR were utilized to examine the temporal progression of asymmetric cell divisions and the changes in gene expression induced by these proteins. The timing of cell division after SHR or SCR induction coincided with induced expression of direct target genes. Remarkably, a component of the cell cycle machinery, a D-type cyclin, is directly regulated by SHR and SCR and involved in asymmetric CEID division providing an unexpected direct link between patterning and the cell cycle (Sozzani et al., 2010) . Thus, the model for regulating CEI/CEID cell division likely involves more intricate transcriptional regulatory complexes and is possibly more tunable than previously understood. Another open question involves the shutdown of the SHR/SCR transcriptional switch following the asymmetric division of the CEID. Why does not SHR movement into the endodermal cells cause them to divide like the CEID, forming additional cell layers? This suggests that the transcriptional network mediated by SHR and SCR is a dynamic switch that functions to integrate ancestry and positional cues in ground tissue development.
Cell Fate Switches During Vascular
Tissue Development
Plant vasculature comprises many different tissues with the predominant ones being the xylem and phloem (Brady et al., 2007; Esau, 1977) . Xylem is the water-conducting tissue, while phloem specializes in nutrient transport. In above and below ground organs, the spatial organization of the xylem and phloem is different ( Fig. 9.2 ). In roots, these tissues are typically arranged in a central cylinder while in the above ground organs they are arranged in bundles that are stereotypic in number and disposition. In the Arabidopsis root, primary xylem develops from vascular stem cells (procambial cells; and is made up of a single row of cells that extends across the central vascular cylinder (Figs. 9.2D and 9.3A). In addition, the two most peripheral xylem cells, which are in contact with the pericycle, are subsequently specified into protoxylem with spiral thickenings of the secondary cell walls. The remaining cells, in the central part of the row, form metaxylem with pitted secondary cell walls. Recent findings in Arabidopsis have identified novel TFs (Cano-Delgado et al., 2010; Zhang et al., 2011) that confer different xylem cell identities and appear to act as a multistep transcriptional switch that integrates signals and positional information from surrounding tissues ( Fig. 9.2) .
Xylem can also be formed during secondary development by the activity of the fascicular and interfascicular cambium (Agusti et al., 2011) . Secondary These bundles are comprised of xylem toward the inside and phloem toward the outside separated by cambial cells. Xylem is specified from cambium by specific xylem is normally more complex than primary xylem, however, in both xylem types, water conduction is carried out by the tracheary elements: vessels and tracheids (Esau, 1977) . In Arabidopsis, secondary vascular growth is observed in the root, hypocotyl, and inflorescence stems , although it is more typically associated with perennial plants, like Poplar. Remarkably, recent studies indicate that there are conserved regulators that switch cell fate. (C) During secondary growth, a ring of vascular tissue is generated through formation of cambium that closes the spaces between bundles. Common regulators during primary and secondary growth are indicated. (D) Vascular tissues in the root are organized in a central cylinder. Xylem constitutes a symmetry arch with metaxylem being specified toward the center of the arch and two protoxylem poles toward the outside. Regulators of xylem fate act as multistep switch specifying metaxylem and protoxylem. regulatory mechanisms for vascular development in Arabidopsis and Poplar, despite their evolutionary distance .
Specification of procambium and xylem identity
During Arabidopsis postembryonic root development, xylem specification requires a set of five homeodomain leucine zipper III (HD-ZIPIII) TFs: PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA (REV), CORONA (CNA), and ATHB8. Seedlings with loss-of-function (LOF) mutations for all the HD-ZIPIIIs TFs fail to form xylem, indicating that these regulators determine de novo xylem formation (Carlsbecker et al., 2010) . In addition, the quintuple HD-ZIPIII mutant appears to have broader morphological defects including reduced vascular cell number, which suggests that HD-ZIPIIIs might also regulate maintenance of procambium identity. In agreement with these functions, HD-ZIP III transcripts are accumulated in the root procambium, and their expression patterns overlap in those cells that will give rise to xylem (Carlsbecker et al., 2010; Miyashima et al., 2011) . PHB and REV have broad expression in the stele and PHV, CNA, and ATHB8 are more specifically expressed in the xylem precursor cells; however, phv cna athb8 triple mutants still make xylem (Carlsbecker et al., 2010) . This suggests that additional regulators participate in xylem cell fate specification or are sufficient for determination of procambium identity.
In the shoot, the HD-ZIPIIIs have been also shown to be involved in the specification of xylem (Ilegems et al., 2010) , and ATHB8 has been proposed to have a role in procambium formation during leaf venation and in interfascicular cambium formation (Agusti et al., 2011; Donner et al., 2009; . ATHB8 and the TF AUXIN RESPONSIVE FACTOR 5/MONOPTEROS (ARF5/MP) are necessary for procambial cell identity during leaf venation and ATHB8 is a direct target of ARF5/MP. These genes are part of a feedback loop that requires localized transport and signaling of the plant hormone auxin (Donner et al., 2009; . As expected for regulators of procambium specification, mutations in ARF5/MP cause a strong reduction in the number of leaf vascular bundles and athb8 LOF mutants appear to have defects in selection of cells that will acquire preprocambial state. However, the double mutant athb8 arf5/mp exhibits only a slight reduction in vein pattern complexity compared to mp/arf5 single mutants, while single athb8 mutants do not show detectable changes in leaf vein patterns (Donner et al., 2009) . Thus, additional regulators redundant with ATHB8 and downstream of MP are likely involved in procambial cell determination. As ATHB8 participates in cambium and/or xylem identity in both shoot and roots, it is possible that other regulators, such as ARF5/MP might be also shared between shoots and roots to specify vascular tissues. Future studies might reveal a role for MP and its downstream targets in establishment of procambial cell identity in root tissues. In support of this, several MP direct targets, such as TARGET OF MP 7 (TMO7) and TMO6, which encode a bHLH and a Dof TF, respectively, are preferentially expressed in procambial cells and their precursors in the embryonic root (Schlereth et al., 2010) . It is thus, tempting to speculate that these TFs have a role in regulating root vascular fates.
In another pathway, the KANADI genes, which are expressed in phloem, repress procambium identity. This has been proposed to occur by regulation of auxin transport, likely mediated by repression of the transporter PIN-FORMED 1 (PIN1). Ectopic expression of KANADI 1 in provascular cells represses the activity and polar localization of PIN1 (Ilegems et al., 2010) . Supporting a role for plant hormones in regulation of vascular cell fates, xylem transported auxin and its interaction through a negative feedback loop with cytokinin, which is in turn transported through the phloem, is required to correctly specify vascular tissues (Bishopp et al., 2011a,b) . Therefore, specification of procambial cells appears to require the interplay of different types of TFs that not only regulate cell identity but also procambium cell number by promoting differentiation into xylem or phloem.
Signaling pathways involved in maintenance of cambium identity during primary and secondary growth
During primary growth, the receptor-like kinase PHLOEM INTERCA-LATED WITH XYLEM (PXY) and the TF WUSCHEL-RELATED HOMEOBOX 4 (WOX4) are expressed in procambium and cambium and respond to CLE41/44 peptides secreted from adjacent phloem tissues. In pxy mutants, procambial cells differentiate into xylem, while in wox4 mutants, procambial cells are reduced to a single layer. These results indicate that procambial cells fail to proliferate and/or self-renew (Hirakawa et al., 2010 (Hirakawa et al., , 2011 . In addition, cle41 mutants have fewer procambial cells and exogenous application of CLE41 inhibits xylem specification from procambial cells. Therefore, CLE41/44-PXY-WOX4 signaling system maintains procambial/cambial identity by using positional information from adjacent (phloem) tissues to activate cell proliferation and repress xylem cell fate. During secondary growth, differentiated cells are respecified and change their identity to become interfascicular cambium. In the shoot, the interfascicular cambium is formed between the primary vascular bundles generating a ring of cambium that will specify xylem and phloem toward the inside and outside, respectively ( Fig. 9.2 ). This secondary growth coordinately enlarges shoot girth. Genes involved in primary growth also have roles in secondary growth (Agusti et al., 2011; Hirakawa et al., 2011) . Likewise, PXY, WOX4, and ATHB8 expression is detected in the fascicular or interfascicular cambium, and pxy mutants fail to establish a closed cambium ring in the stem. In addition, two novel receptor-like kinases have been identified to be involved in secondary growth (Agusti et al., 2011) . MORE LATERAL GROWTH 1 (MOL1) has been proposed to repress cambium formation, while REDUCED IN LATERAL GROWTH 1 (RUL1) has been predicted to function as an activator in the process. Genetic and expression analyses showed that MOL1 functions in the same pathway as PXY and WOX4 while RUL1 likely works independently of PXY. Therefore, it appears that a common set of players are required for specification of cambial cells and/or maintenance of their identity during primary and secondary growth.
Xylem specification requires autonomous and nonautonomous transcriptional regulators
A subsequent step in xylem development involves differentiation into either protoxylem or metaxylem ( Fig. 9.3A) . Surprisingly, the endodermal regulators SHR and SCR function non-cell autonomously in controlling protoxylem specification in the stele (Carlsbecker et al., 2010; Miyashima et al., 2011) . In shr and scr mutants, all xylem cells incorrectly differentiate into metaxylem. SCR is specifically expressed in the endodermis, while SHR is present both in vascular tissues and in the endodermis. However, only endodermis-specific activity of SHR is required for xylem patterning. This was demonstrated by ectopic expression of SHR in the shr mutant followed by examination of protoxylem formation. When SHR was expressed in the ground tissue of shr, protoxylem formation was restored in the stele, whereas SHR expression in the stele did not rescue xylem patterning. In addition, it was shown that this developmental mechanism requires movement of the microRNA165/166 from the endodermis to the stele where it targets the aforementioned HD-ZIP III TFs to specify protoxylem ( Fig. 9.3B ). This regulatory loop was unraveled through the identification of a new allele of PHB that has a point mutation in the microRNA165/166 binding site. This gain-of-function mutant fails to form protoxylem. A connection with SHR was made through the observation that the PHB protein encoded by the allele resistant to microRNA165/166 degradation was broadly expressed both in shr and wild-type roots; in contrast to the normal PHB protein, whose expression was reduced in wild-type plants but not in shr mutants. It was also shown that microRNA165a and 166b are direct targets of SHR and SCR and that their endodermal expression largely depended on these two TFs. In agreement with the hypothesized movement and non-cell autonomous function of microRNA165/166, their activity was found to be high in the stele although they are generated in the endodermis. Further, ectopic expression of microRNA165 in the mutant ground tissue layer of shr rescued protoxylem formation in the stele. Thus, SHR activates microRNA165/166 in the endodermis, the microRNA then moves into the stele to restrict PHB protein accumulation to the central part of the vascular cylinder, where metaxylem is specified. In contrast, lower levels of PHB protein in the outer xylem cells specify protoxylem.
However, protoxylem cell fate cannot be explained solely by PHB protein accumulation, as phb LOF mutants do not show defects in protoxylem fate specification. This is because the other four HD-ZIPIIIs (PHV, REV, CNA, and ATHB8) are also targets of the microRNA165/166 and act redundantly with PHB in the specification of metaxylem and protoxylem. All HD-ZIPIIIs have been shown to be directly involved in protoxylem/metaxylem specification through different combinations of LOF mutants that show ectopic formation of protoxylem instead of metaxylem. For instance, athb8 phb as well as any combination of quadruple mutations show ectopic protoxylem formation. Further support for their redundant role in protoxylem/metaxylem specification is provided by the quadruple mutant phb phv rev shr, which rescues the xylem patterning defects of shr (Carlsbecker et al., 2010; Miyashima et al., 2011) .
HD-ZIPIIIs are not the only regulators of xylem fate that have been identified. Other regulators of protoxylem/metaxylem specification include WOODENLEG (Mahonen et al., 2000) and ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (Mahonen et al., 2006) in the cytokinin signaling pathway; AUXIN RESISTANT 3 (Bishopp et al., 2011a) , in the auxin signaling pathway, as well as a group of seven TFs designated as VASCULAR-RELATED NAC-DOMAIN (VND; Kubo et al., 2005; Zhang et al., 2011) . The VND TFs were identified through microarray analyses of cells induced to differentiate into xylem tracheary elements under specific in vitro conditions. Expression analyses of these TFs showed that they were specifically expressed in vascular tissues. Intriguingly, VND6 expression was restricted to root metaxylem precursor cells, while VND7 was expressed in immature protoxylem cells. The ectopic expression of VND6 and VND7 switched the fate of various cell types into metaxylem and protoxylem, respectively. Based on morphology, VND6 specified xylem elements with reticulate and/or pitted wall thickening similar to metaxylem, whereas VND7 produced xylem cells with annular and/or spiral wall thickening similar to protoxylem. However, vnd6 and vnd7 mutants did not show obvious morphological defects, which may be attributed to genetic redundancy with other VNDs or other regulators (Kubo et al., 2005) .
Transcriptional analyses revealed that VND6 and VND7 regulate genes involved in tracheary element specification, such as secondary cell wall formation and programmed cell death genes. Additionally, VND7 also regulates proteolytic enzyme encoding genes Yamaguchi et al., 2011) . Further examination of these data might reveal the molecular basis of protoxylem and metaxylem identity and their subsequent differentiation. In addition, a number of secondary cell wall formation genes identified as regulated by VND6 and VND7 were different from those downstream of the xylem fiber regulators, SECONDARY WALL-ASSOCIATED NAC-DOMAIN PROTEIN 1 (SND1) and NAC SECONDARY WALL THICKENING PROMOTING FACTOR 3 (NST3; Yamaguchi et al., 2011) . Fibers and tracheary elements constitute distinct xylem types; however, both require secondary cell wall formation during their differentiation process. The VND6/7 transcriptomic analyses suggest that unique genes or pathways may be functioning in secondary cell wall formation in these two xylem types. Finally, ASYMMETRIC LEAVES 2 LIKE (ASL) 19/LATERAL ORGAN BOUNDARIES DOMAIN (LBD) 30 and ASL20/LBD18 are TFs downstream of VND6 and VND7 (Soyano et al., 2008) . ASL19 and ASL20 are expressed in immature tracheary elements and their expression depends on VND6 and VND7. Ectopic expression of ASL19 and ASL20 specifies tracheary elements similar to VND6 and 7. For ASL20, this appears to occur not only by activation of a number of VND downstream targets but also, unexpectedly, by activation of VND7 expression itself. Thus, ASL20 and VND7 appear to function in a regulatory feedback loop that is able to specify xylem fate.
In conclusion, specification of different xylem cell fates is regulated by many transcriptional regulators functioning in different pathways and linked, in some cases, to non-cell autonomous regulators signaling from adjacent tissues. This tight regulation likely ensures proper patterning of the water-conducting tissues, which are vital for plant survival.
Transcriptional Regulation of Apical-Basal Cell Fate Determination after Zygotic Division in Arabidopsis
Embryogenesis is the process by which a unicellular zygote undergoes elaborate changes in cell number, fate, and morphology to ultimately form the mature embryo of a multicellular organism. Initial establishment of polarity is a critical step in embryogenesis in many organisms and typically involves activation of distinct transcriptional programs to drive differential development of the two embryonic axes. In many organisms, the singlecelled zygote undergoes an asymmetric division that is critical in establishing embryo polarity. Initial embryo polarity is typically anterior-posterior (head-tail) in animals and apical-basal (shoot-root) in plants.
In Arabidopsis, the egg cell is polarized with the nucleus and the majority of cytoplasm localized apically and vacuoles localized basally (Fig. 9.4A ). After fertilization, the zygote dramatically elongates and, like the egg cell, the nucleus is localized apically and a large vacuole forms basally (Faure et al., 2002) . The zygote then undergoes an asymmetric division to produce two daughter cells with distinctly different sizes and developmental fates. The smaller apical cell will give rise to a majority of the embryo (Fig. 9.4A ). The basal cell will generate an extraembryonic support structure, the suspensor, which connects the embryo to the maternal tissue Figure 9 .4 Apical-basal polarity and specification of meristem fate in the Arabidopsis embryo through establishment of distinct transcriptional domains. (A) Schematic of early embryo development from the unfertilized egg cell through the first zygotic division. (A, left to right) The egg cell is polarized with the nucleus (dark gray) at the apical end and a vacuole at the basal end (light gray). After fertilization, the zygote is transiently symmetrical, then it elongates and is repolarized. The first zygotic division is asymmetric and producing an apical and basal cell with distinct fates. Note that embryo stages are based on the cell number in the apical domain, thus the first zygotic division results in one-cell stage embryo. (B) Schematic of the WOX2/8/9 gene expression patterns in the egg cell through the first zygotic division. (C) Schematic of developmental snapshots from the one-celled embryo to the seedling focused on specification (Jurgens, 2001; Scheres et al., 1994) . Given the similar polarity of the egg cell and zygote, it was unclear whether egg cell polarity was required for zygotic polarity. Additionally, the transcriptional mechanisms regulating specification of cell fate after the first zygotic cell division were unknown. Recent findings have begun to clarify some of these questions.
Homeodomain TFs establish apical-basal polarity after the asymmetric zygotic division
WUSCHEL-RELATED HOMEOBOX (WOX) genes are a plant-specific family of TFs that demarcate distinct transcriptional domains along the apical-basal embryo axis starting with the first zygotic division. Expression of WOX2 and WOX8 is found in both the egg cell and single-celled zygote. Following the first asymmetric division of the zygote, expression of WOX2 and WOX8 becomes restricted to the apical and basal cells, respectively ( Fig. 9.4B ; Haecker et al., 2004) . Expression of another WOX gene, WOX9, is then activated in the basal cell (Haecker et al., 2004; Wu et al., 2007) . Consistent with their expression patterns, these WOX genes have critical roles in development of the apical and basal lineages. Embryos of wox2 mutants show cell division defects in the apical domain, while wox8 wox9 double mutants, have abnormal cell divisions in both the apical and basal cell lineages. Additionally, several markers of apical cell fate, including WOX2, are undetectable in wox8 wox9 embryos (Breuninger et al., 2008; Haecker et al., 2004; Wu et al., 2007) . These results indicate WOX8/ WOX9 function in the basal lineage is required for apical lineage development via WOX2 expression and also suggests signaling between the lineages is important for early embryo patterning (Breuninger et al., 2008) . Ectopic WOX2 expression in wox8 wox9 partially rescued later developmental defects in both the apical and basal lineages, indicating the apical defects in wox8 wox9 embryos can be attributed to loss of WOX2 expression. Unexpectedly, these zygotes showed defects earlier in development, they of the root and shoot apical meristems. (C, left to right) Apical-basal polarity is established after the first zygotic division. By the early globular embryo stage, PLETHORAs (PLTs; blue) and the HD-ZIPIIIs (orange) expression is restricted to the domains that will give rise to the root (blue) and shoot (orange) apical meristems, respectively. In the mature embryo, these meristems are quiescent; however, become active after germination. The root meristem (blue) will give rise to all the cells of the primary root and the shoot meristem (orange) will give rise to all the cells of the aerial organs. (D) In the topless-1 (tpl-1) mutant, the PLT expression domain has expanded into more apical regions and HD-ZIPIII expression is absent leading to a double-root phenotype. (E) Expansion of HD-ZIPIII expression into more basal embryo regions represses PLT expression leading to a double-shoot phenotype.
failed to elongate and the first zygotic division was more symmetrical. Together, these results reveal a critical role for these WOX genes in the establishment of distinct transcriptional domains that determine differential fate decisions in the apical and basal cells.
4.2. Transcriptional activation of WOX8/9 is required to break zygotic symmetry and specify the basal cell lineage
In animals, transcription is often inhibited during early embryogenesis with important developmental transcripts inherited from the gametes or maternally supplied after fertilization. In addition, transcript localization within the egg or zygote can be important for embryo polarity. To address whether plant embryos utilize similar mechanisms to regulate zygotic polarity, the mechanisms directly regulating WOX8 expression were investigated. This revealed a candidate transcriptional regulator of WOX8 expression called WRKY2. WRKY2 is a member of the plant-specific family of WRKY proteins, which are zinc finger-containing proteins. WOX8 and WRKY2 have overlapping expression patterns in the early embryo and wrky2 mutants show reduced expression of a WOX8 transcriptional reporter. The WOX8 promoter contains a known WRKY binding site, the W-box, and mutations in the W-box reduced expression of reporter constructs containing this ciselement. The WOX9 promoter also contains a W-box and, like WOX8, its expression is significantly reduced in wrky2 mutant embryos (Ueda et al., 2011) . Together these results indicate that WRKY2 is required to activate or maintain expression of WOX8 and WOX9 in the basal cell lineage, as well as in the single-celled zygote. Mutation of WRKY2 resulted in a more symmetrical first zygotic division although the wrky2 mutant egg cell maintained its polarity (Ueda et al., 2011) . This phenotype suggested that characterizing WRKY2 function would provide insight into the relationship between egg cell and zygotic polarity. Careful examination revealed that after fertilization, the wild-type zygote is transiently symmetrical with the nucleus at the center and small vacuoles distributed throughout the cell. The single-celled zygote then expands and repolarizes with an apically localized nucleus and one large vacuole localized basally (Ueda et al., 2011) . Similar to wild type, wrky2 mutants maintain egg cell polarity and the zygote shows transient symmetry. However, wrky2 zygotes fail to repolarize and the majority does not undergo an asymmetric division. These defects were attributed to WOX8 misregulation after fertilization as WOX8 expression independent of WRKY2 partially restores asymmetric division of wrky2 zygotes (Ueda et al., 2011) . This indicates that polarity of the egg cell and zygote can be uncoupled and that zygotic polarity depends on the transcriptional activity of WRKY2 and WOX8.
WRKY2 is expressed in both gametes but appears to be required only zygotically. This raised questions about whether zygotic activity of WRKY2 is sufficient for normal embryogenesis. Reciprocal crosses between wrky2 and wild type revealed that normal embryogenesis occurred when functional WRKY2 was inherited from either gamete, indicating that its activity postfertilization is sufficient for embryo patterning (Ueda et al., 2011) . However, WRKY2 expression in both gametes suggests that WRKY2 protein or transcript may be inherited by the zygote. Because only the female gamete expresses WOX8, this expression can be used to determine if WRKY2 activates WOX8 transcription immediately after fertilization or whether WOX8 transcripts are maternally inherited. In zygotes from wild type or wrky2 egg cells fertilized with wrky2 pollen, carrying a WOX8 reporter, WOX8 expression was higher when a functional copy of WRKY2 was inherited from the egg cell (Ueda et al., 2011) . This result indicates that WOX8 transcript inheritance is not necessary; instead WRKY2-driven transcriptional activation of WOX8 in the zygote is sufficient for normal embryogenesis. Thus, WRKY2 directly activates a transcription switch required for zygotic polarization and asymmetric division leading to differential cell fate decisions in the resulting daughter cells. How the apical and basal lineages shutdown expression of WOX8/9 and WOX2, respectively, remain open questions in the mechanics of this switch.
The impact of cell-to-cell signaling networks on early embryo patterning and its relationship to WOX transcriptional regulation
Despite the importance of the WOX transcriptional domains in determination of distinct apical and basal lineage development in the Arabidopsis embryo, plant cell fate decisions often rely more on positional cues. There are two main signaling pathways known to function in early embryogenesis in plants, a mitogen-activated protein (MAP) kinase cascade and a plant hormone signaling pathway. Mutation of the MAPKK kinase, YODA (YDA), results in embryos that do not elongate and the first zygotic division is more symmetrical, closely resembling embryos ectopically expressing WOX2 in a wox8 wox9 mutant background (Lukowitz et al., 2004) . This similarity suggests that YDA and WOX8/9 function in a common pathway. However, yda wox8 wox9 triple mutant embryos arrest development after the first nearly symmetrical zygotic division (Breuninger et al., 2008) . These data indicate that there are at least two independent pathways regulating asymmetry in the first zygotic division: a kinase cascade including YDA and a transcriptional mechanism via WOX8/9. The plant hormone auxin has roles in a broad range of developmental processes (see Jenik et al., 2007; Leyser, 2006 for recent reviews) including embryo patterning. Directional movement of auxin from cell-to-cell is a key feature of this signaling pathway; a family of transmembrane efflux carriers, called PINs, mediates auxin movement through specific membrane localization (Galweiler et al., 1998; Petrasek et al., 2006) . PIN7 is localized on the apical membrane of cells in the basal lineage indicating auxin movement toward the apical cells. Additionally, expression of a synthetic auxindependent transcriptional reporter, DIRECT REPEAT5 (DR5), occurs only in the apical lineage during early embryo stages . However, at early embryo stages the role for auxin is not entirely clear, as mutants with defects in auxin transport generally have phenotypes that are very weak and not fully penetrant , while wox8 wox9 mutants exhibit more severe embryo defects. Additionally, neither WOX2 nor WOX8 expression in early embryos is affected by exogenous auxin or by mutants affecting auxin transport suggesting that WOX2/8 expression is independent of auxin distribution (Breuninger et al., 2008; Ueda et al., 2011) . These data suggest that regulation of apical/basal cell fate specification via the WOX genes occurs earlier and upstream of auxin in the early embryo.
Antagonism Between Transcriptional Regulators Specifies Two Distinct Stem Cell Populations in the Embryo
In plant embryos, apical-basal polarity is particularly important as the two main stem cell populations (meristems) are formed at opposite ends of this axis (Fig. 9.4C ). Because plant growth and development is indeterminate, formation of the root and shoot apical meristems is essential for growth of all plant organs below and above ground, respectively. Two classes of transcriptional regulators have been identified as key regulators of root and shoot meristem fate specification in the embryo: the PLETHORA (PLT) family of AP2-domain proteins and the previously mentioned HD-ZIPIII TFs. There are four related PLT genes expressed in the root meristem of the embryo and mature root. Mutation of multiple PLTs results in rootless seedlings and embryo lethality; importantly, PLT overexpression induces formation of ectopic root meristems, indicating that PLTs have a master regulatory role in embryonic root meristem formation (Aida et al., 2004; Galinha et al., 2007) . HD-ZIPIII proteins participate in various shoot developmental processes such as specification of the central domain of the shoot apical meristem and lateral organ polarity (reviewed in Engstrom et al., 2004) . Similar to the PLT genes, only mutation of multiple HD-ZIPIII genes results in defective embryogenesis (Prigge et al., 2005) . The crucial role for HD-ZIPIIIs in shoot fate specification and their antagonistic relationship with PLTs in the embryo was recently revealed through functional characterization of the TOPLESS (TPL) protein.
The key role for the transcriptional corepressor TPL in apical-basal embryo patterning is evident as tpl-1 mutants conditionally produce embryos in which the shoot meristem is replaced by a second root meristem ( Fig. 9.4D ; Long et al., 2006 Long et al., , 2002 . In these tpl-1 embryos, PLT transcripts ectopically accumulated in the apical embryo domain, suggesting a role for TPL in repressing PLT expression apically. The double-root phenotype was not observed in tpl-1 plt1 plt2 triple mutants consistent with the master regulatory role of the PLTs in root meristem formation (Fig. 9.4D ). Additionally, PLT1 and PLT2 were identified as direct targets of TPL indicating that PLT repression in the apical domain is required for normal embryogenesis (Smith and Long, 2010) . It seemed plausible from tpl-1 phenotype that TPL or TPL-related proteins may also regulate genes specifically involved in shoot meristem fate in the embryo, which could lead to a double-shoot phenotype. In a screen for suppressors of the tpl-1 double-root phenotype, a mutation in an HD-ZIPII TF gene was identified. This mutation disrupts a microRNA-binding site leading to excess transcript accumulation. Genetic analyses of multiple mutant embryos revealed that PLTs act as negative regulators of HD-ZIPIII expression in the basal domain and that HD-ZIPIIIs block ectopic PLT expression in the apical domain. These data indicate that the PLT and HD-ZIPIII pathways act antagonistically in embryonic meristem formation. Finally, a second shoot meristem was formed in place of a root meristem as a consequence of HD-ZIPIII expression in the basal embryo domain ( Fig. 9.4E ; Smith and Long, 2010) . These results indicate that transcriptional activity of these factors are necessary and sufficient for meristem formation and their mutual antagonism is also central to the formation of two distinct stem cell populations.
Specification and Positioning of Organs Forming Postembryonically
Plant postembryonic development initially relies on the activity of primary meristems, which are already present in the embryo. Primary meristems generate the main stem, leaves, flowers, and the primary root. Positioning of leaves and flowers takes place in the shoot apical meristem and ultimately requires that subsets of meristematic cells are specified to become new organs emerging from the flanks of the primary meristem . In contrast, subsequent growth of branches and lateral roots (LRs) is coordinated by the activity of lateral meristems. Because lateral meristems generating LRs are specified de novo, proper patterning requires not only cell fate specification but also correct positioning of the newly specified populations of cells along the primary root. Because primary root growth is continuous, positioning of LRs has to integrate spatial and temporal information. Recent findings in Arabidopsis show that positioning of LRs is mediated by a time-keeping mechanism that appears to involve oscillating gene expression .
Positioning of leaves and flowers
In Arabidopsis, new aerial organ positioning and determination requires the hormone auxin. Leaves and flowers are positioned around the growing stem with a certain angle relative to the previous one (phyllotaxis), which likely maximizes light harvesting or pollination. Phyllotaxis takes place in the shoot apical meristem and involves formation of local gradients of auxin (Reinhardt et al., 2003) . These gradients form through the activity of intercellular transporters, such as PIN1, whose expression is, in turn, activated by auxin. Models of this feedback mechanism indicate that different auxin maxima may be formed in specific subsets of cells at precise angles, normally 137.5 , following a helical curve around the main axis. Live confocal imaging revealed that these subsets of cells reporting an auxin maximum initiate new lateral organs and showed temporal correlations between expression of PIN1 and known regulators of meristem identity and function Heisler et al., 2005) . Additionally, differential growth of cells during phyllotaxis appears to generate biomechanical signals. These signals, in turn, feed back into this morphogenetic process (Hamant et al., 2008) and may mediate the link between auxin and its transport (Heisler et al., 2010) .
Oscillating gene expression is involved in positioning LRs
In roots, evidence for oscillating gene expression playing a role in positioning lateral organs came from the observation of the dynamic expression of the DR5 marker gene (De Smet et al., 2007; Moreno-Risueno et al., 2010) . Live imaging of DR5 fused to a Luciferase reporter allowed real-time expression analyses and showed a temporal and spatial relationship between periodic pulses of DR5 expression and the subsequent generation of LRs . These periodic pulses of expression take place over a region of the Arabidopsis root tip termed the oscillation zone (OZ). During an oscillation cycle, DR5 expression is first observed at the more proximal or rootward region of the OZ, and over time, its expression increases and moves shootward within the OZ. Then, DR5 expression shuts down and a new oscillation begins. Growth of the root continuously displaces the OZ further from the shoot but coincident with the physical location where a DR5 oscillation occurred, a prebranch site is observed outside of the OZ (Fig. 9.5 ). Prebranch sites are marked by static points of DR5 expression, and subsequently, LR primordia are formed at prebranch sites as shown by lineage analyses and microscopy. Selection of subsets of cells in the primary root that become competent to generate a new organ (prebranch sites) is therefore reported by the DR5 oscillation. A remarkable feature of prebranch site formation is its capacity to compensate for variation in temperature and other environmental conditions . This indicates that formation of prebranch sites acts as a Transcriptional Switches Direct Plant Organ Formation and Patterning biological clock and/or time-keeping mechanism, and it was consequently named the lateral root clock.
DR5 is also used as a marker for the transcriptional readout of auxin signaling. Thus, it was initially proposed that the changing expression of DR5 in the OZ was due to formation of a local auxin maximum or to increased auxin sensitivity in this region (De Smet et al., 2007) . This would lead to the prediction that priming of cell populations to become LRs is determined by local accumulation of auxin acting as a switch of cell fate, in a fashion somewhat analogous to phyllotaxis (Heisler et al., 2005) . However, other auxin-responsive promoters did not oscillate in the OZ and some genes that showed oscillating expression did not respond to auxin. This indicates that oscillations in DR5 and in other genes cannot be entirely explained by changing auxin levels in the OZ. Furthermore, exogenous auxin treatments localized to the OZ did not induce prebranch site formation through the initiation of a DR5 oscillation . Intriguingly, a gain-of-function mutation of INDOLE ACETIC ACID FACTOR 28 (IAA28) that confers resistance to auxin, likely because the mutant protein is not degraded by auxin, appeared to affect the DR5 oscillation and is required for normal LR formation (De Rybel et al., 2010; Dreher et al., 2006; Rogg et al., 2001) . However, IAA28 expression has not been shown to oscillate, and appears to be complementary to the graded distribution of auxin at the root tip (Petersson et al., 2009) . Thus, auxin appears to be required for positioning of LRs but appears insufficient to trigger this developmental mechanism independently. Future studies might reveal a connection between auxin and oscillating gene expression in recruiting specific cell populations in time and space.
Further insight into the morphogenetic mechanism positioning lateral organs in the Arabidopsis root was obtained by microarray analyses of the OZ at various discrete points during the DR5 oscillation . Approximately 2000 genes showed a similar oscillatory pattern as DR5, and about 1400 were shifted one phase and therefore showed an antiphase oscillatory pattern. Gene expression in two different oscillatory phases was confirmed by real-time imaging of predicted oscillating TF genes fused to a Luciferase reporter. In addition, the expression of these oscillating genes also propagated along the OZ and in some cases passed outside this developmental region. LOF mutants for TFs oscillating in both phases showed reduced numbers and irregular positioning of prebranch sites and LRs. This indicates that both phases are required for lateral organ positioning, suggesting that this mechanism operates as a complex and interconnected network.
A developmental switch might operate in combination with oscillating gene expression to position LRs
Oscillating gene expression is involved in another developmental mechanism in which repeating units are specified along an elongating axis: the segmentation clock of vertebrates (Krol et al., 2011) . In both the segmentation and the LR clocks, there are two sets of genes oscillating in opposite phases and their expression propagates along an elongating axis (the presomitic mesoderm and the primary root). In addition, based on their periodic and compensatory nature, both mechanisms can be described as biological clocks that convert time into precise spatial developmental patterns (Moreno-Risueno and Benfey, 2011) . During vertebrate segmentation, a model for how cells can be recruited to form somites (vertebrae precursors) in a succession of discrete groups in time and space is given by the clock and wavefront model (Cooke and Zeeman, 1976) . In this model, the clock is defined as an oscillator shared by all presomitic cells to which they are entrained and synchronized on a developmental time scale. The wavefront is defined as a point of irreversible, rapid cell change that moves down the longitudinal axis of the embryo. The interaction between the oscillator and the wavefront creates a pattern by selecting (in time) cells oscillating between a permissive and nonpermissive phase to undergo rapid alteration. Further development of the clock and wavefront model has shown that mutually inhibitory gradients of retinoic acid (RA) and fibroblast growth factor (FGF) along the presomitic mesoderm can generate and position a sharp morphogen threshold (Goldbeter et al., 2007) . This threshold separates two stable steady states based on abrupt changes in levels of FGF and RA. The segmentation clock (the oscillating genes), in combination with two different developmental states, has been proposed to synchronously activate segmentation genes in successive discrete populations of cells. This mechanism, thus, combines a developmental switch with oscillating gene expression (segmentation clock) to precisely pattern somites during embryogenesis. In the root clock, oscillating gene expression is required for proper LR positioning along the primary root . However, it is unknown how oscillating gene expression in the root clock successively selects populations of cells to form prebranch sites. Given the similarity with somitogenesis, it is tempting to speculate that a developmental switch is working in combination with the oscillating genes of the root clock. Future studies may demonstrate how similar or disparate these clock mechanisms are, despite the obvious evolutionary distance.
Concluding Remarks
Plants specify and pattern new organs both embryonically and postembryonically as part of normal development. This is largely achieved by transcriptional regulators functioning as switches for cell fate specification. Over the past few years, a number of transcriptional regulators have been identified in Arabidopsis that integrate positional information and cues relative to cell ancestry or lineage to coordinate patterning and development. In addition, different regulators act in parallel pathways to specify cell fates in response to various endogenous and, in some cases, environmental stimuli. This tight regulation ensures proper patterning under a wide range of conditions, which can help explain the developmental plasticity observed in plants.
Despite recent progress, there are still numerous unresolved developmental and mechanistic questions: How do the transcriptional switches work at the molecular level? What cis-motifs are responsible for specific protein-DNA interactions? And what is the nature of the transcriptional changes produced by these cell fate regulators? Some studies have begun to address these questions by molecular, genetic, and genome-wide approaches. For instance, WRKY2 is known to bind to the W-box in the regulatory sequences of its downstream target WOX8 to establish embryo polarity, and SHR binds to the promoter of the cell cycle regulator CYCD6;1 to activate an asymmetric division required for ground tissue patterning and specification. Future work might address how different pathways involved in cell fate determination function at the molecular level in response to variable inputs both from endogenous and exogenous sources.
